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Hawking radiation explicitly depends only on the black hole’s total mass, charge and angular momentum. 
It is therefore generally believed that one cannot reconstruct the information about the initial mass 
distribution of an object that made the black hole. However, instead of looking at radiation from a 
static black hole, we can study the whole time-dependent process of the gravitational collapse, and 
pre-Hawking radiation which is excited because of the time-dependent metric. We compare radiation 
emitted by a single collapsing shell with that emitted by two concentric shells of the equivalent total 
mass. We calculate the gravitational trajectory and the momentum energy tensor. We show that the ﬂux 
of energy emitted during the collapse by a single shell is signiﬁcantly different from the ﬂux emitted 
by two concentric shells of the equivalent total mass. When the static black hole is formed, the ﬂuxes 
become indistinguishable. This implies that an observer studying the ﬂux of particles from a collapsing 
object could in principle reconstruct information not only about the total mass of the collapsing object, 
but also about the mass distribution.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The process of black hole formation and subsequent evapora-
tion is associated with some fundamental problems. Since a sta-
tionary black hole solution is characterized by three conserved 
quantities – mass, charge and angular momentum, and all addi-
tional information about the initial state of matter that formed 
the black hole is lost during the collapse, it may happen that this 
process implies the fundamental (rather than practical) loss of in-
formation [1]. Very recently, a new direction was proposed in [2]
toward the resolution of the information loss paradox. Namely, the 
authors of [2] argue that the black hole vacuum is not unique, but 
is actually highly (or perhaps inﬁnitely) degenerate. In addition to 
the standard conserved quantities, there exist an inﬁnite number 
of additional quantities which characterize the black hole solution. 
These quantities arise from the group of super-translations which 
acts both near the horizon and at null inﬁnity, and can presum-
ably map the information imprinted in the near horizon region to 
the distant observer’s region. An important technical detail is that 
these inﬁnitely degenerate vacua are labeled the same energy but 
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SCOAP3.differ in angular momentum. As argued by the authors, this ad-
ditional angular momentum information might play some role in 
resolving the information loss paradox.
A question that immediately arises in this context is what hap-
pens to information that does not depend on the angular mo-
mentum. Generally speaking this includes the global charges (e.g. 
lepton number, baryon number, ﬂavor) and mass/energy distribu-
tions. It was argued in [3] that violation of global quantum number 
conservation is not associated with information loss since these 
numbers are violated even in the absence of the black holes, for 
example via processes mediated by lepton–quark interactions or 
the electroweak instantons, and we do not say that these processes 
imply information loss. However, the question of the mass or en-
ergy distribution is more serious. The ﬁnal black hole state will 
remember only the total mass of the collapsing object, but not the 
distribution of masses. For example, one can prepare two different 
initial states which have the same mass. One state may be a single 
collapsing spherically symmetric shell of certain mass, and the sec-
ond state may be made of two concentric shells whose total mass 
is equal to the mass of the single shell in the ﬁrst case. The ﬁnal 
states in both cases are the same – a black hole with the same 
total mass. Since Hawking radiation depends only on the value of 
the total mass (assuming that the shells carry no charge nor angu-le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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in the initial state will be lost. It is also not clear at all how would 
the new proposal in [2] help in this case since nothing depends on 
angular momentum.
This seems to imply that information about the initial state 
might be released during the collapse, since once the collapse is 
over there is no much one can do. It is well known that during the 
collapse an object radiates away its higher multipoles and other 
irregularities in the so-called balding phase before a perfect spher-
ically symmetric horizon is formed. However, the situation in our 
example with two shells is spherically symmetric, so there are no 
higher multipoles that could be radiated away in the form of gravi-
tational radiation. Instead, we could focus on radiation of the ﬁelds 
in the background of the collapsing object which is excited due to 
the time dependence in the metric during the collapse. In [4,5], it 
was shown that gravitational collapse is followed by the so-called 
pre-Hawking radiation from the very beginning of the collapse, 
simply because the metric is time dependent. This radiation be-
comes thermal Hawking radiation only in t → ∞ limit when the 
event horizon is formed. Since the collapsing object has only ﬁnite 
amount of mass, an asymptotic observer would never witness the 
formation of the horizon at t → ∞. For him, the collapsing object 
will slowly get converted into not-quite-thermal radiation before it 
reaches its own Schwarzschild radius. It was demonstrated in [6]
that the evolution is completely unitary in such a setup. It was 
also argued that the collapsing process may be used to reconstruct 
information [7].
In this paper, we also concentrate on the pre-Hawking radia-
tion, but we are using the standard analysis of tracing the ﬁeld 
modes in the time-dependent gravitational background as deﬁned 
in [8,9]. We explicitly construct an example in which the initial 
states are different, i.e. a single shell vs. two concentric shells with 
the same total mass, while the ﬁnal state is the same, i.e. a black 
hole of the same mass. We show that the ﬂux of energy emitted in 
these two cases is notably different, though in the limit of t → ∞
the ﬂuxes become identical. Thus, an observer studying the ﬂux of 
particles from a collapsing object could in principle reconstruct in-
formation not only about the total mass of the collapsing object, 
but also about the mass distribution.
2. The geometry of the collapsing shells
In this section we consider geometry of two freely falling mas-
sive spherically symmetric shells. The shells are concentric, and 
we label the outer one as S1 and the inner one as S2, as shown 
in Fig. 1. The rest masses of the shells are μ1 and μ2, while their 
total gravitational masses are M and m. Note that the rest masses 
and total gravitational masses are not equal here since the shells 
are moving. This conﬁguration separates the space in three regions 
labeled by I, II and III. The time dependent radii of the shells S1
and S2 are R1 and R2 respectively. The geometry in the region I 
(r > R1) is
ds2 = −
(
1− 2M
r
)
dt2I +
(
1− 2M
r
)−1
dr2 + r2d (1)
d = dθ2 + sin2 θdφ2. (2)
The geometry in the region II (R1 > r > R2) is
ds2 = −
(
1− 2m
r
)
dt2I I +
(
1− 2m
r
)−1
dr2 + r2d (3)
The geometry in the region III (r < R2) is
ds2 = −dt2I I I + dr2 + r2d (4)Fig. 1. S1 and S2 are two freely falling concentric spherical shells. These two shells 
separate the space into three regions – I, II, and III. The equations of motion of the 
shells can be found by matching the geometry inside and outside the shells.
The time parameters in these three regions are different (otherwise 
one could not smoothly match the metric at the boundaries of the 
regions). The equation of motion of the shells can be found by 
matching the geometry inside and outside the shells [10]. These 
equations are given in terms of the conserved quantities μ1 and 
μ2, which are the rest masses of the shells.
μ1 = −R1
[
(1− 2M
R1
+ R˙12) 12 − (1− 2m
R1
+ R˙12) 12
]
, (5)
μ2 = −R2
[
(1− 2m
R2
+ R˙22) 12 − (1+ R˙22) 12
]
. (6)
Here, the dot represents the derivative with respect to the proper 
time of an observer who is sitting on the shell. The shells are as-
sumed to have no pressure. From Eqs. (5) and (6), we have
R˙1 =
( (M −m)2
μ21
− 1+ M +m
R1
+ μ
2
1
4R21
) 1
2
(7)
R˙2 =
(m2
μ22
− 1+ m
R2
+ μ
2
2
4R22
) 1
2
(8)
Then, the proper times on the shells are given by
τ1 =
∫
dR1
R˙1
(9)
τ2 =
∫
dR2
R˙2
(10)
The coordinate time of an observer on S1 is
tI (τ1, R1) =
∫ (1+ R˙21
1− 2MR1
) 1
2
(
1− 2MR1
) 1
2
dτ1 (11)
tI I (τ1, R1) =
∫ (1+ R˙21
1− 2mR1
) 1
2
(
1− 2mR1
) 1
2
dτ1 (12)
The coordinate time of an observer on S2 is
tI I (τ2, R2) =
∫ (1+ R˙22
1− 2mR2
) 1
2
(
1− 2mR2
) 1
2
dτ2 (13)
tI I I (τ2, R2) =
∫ (
1+ R˙22
) 1
2
dτ2 (14)
This ﬁxes the geometry of the problem. We can easily reconstruct 
the single shell case by setting m = μ2 = 0.
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mentum energy tensor for radiation from a collapsing object as 
deﬁned in [8] and described in detail in the book [9]. The original 
space–time is (3 + 1)-dimensional, but if one considers a spheri-
cally symmetric case, it effectively reduces to a (1 +1)-dimensional 
space–time (t, r). This reduced space–time still contains informa-
tion about the non-trivial curvature around the collapsing object 
and faithfully reproduces Hawking radiation. It is true that one 
loses the information about the angular momentum barrier, but 
we know that this barrier just modiﬁes the original Hawking radi-
ation by generating the so-called gray body factors, which will not 
be relevant for our discussion.
3. Scalar ﬁeld propagating in the background of the collapsing 
shells
In this section we add a massless scalar ﬁeld which propagates 
in the background of this collapsing system. For simplicity, we as-
sume that the shells are transparent to the scalar ﬁeld, which is a 
usual assumption. The evolution of the scalar ﬁeld in this curved 
background is described by
ψ = 0 (15)
where the  operator is covariant. The  operator must be calcu-
lated separately in three different regions I, II and III.
∂2t Iψ −
1
r2
∂r∗1 (r
2∂r∗1ψ) + V (r,M)ψ = 0, for r > R1 (16)
∂2t I Iψ −
1
r2
∂r∗2 (r
2∂r∗2ψ) + V (r,m)ψ = 0, for R1 > r > R2
∂2t I I Iψ −
1
r2
∂r(r
2∂rψ) + V (r,0)ψ = 0, for R2 > r
V (r,M) = L
2
(1− 2Mr )r2
In the region III, the space–time is Minkowski by the Birkhof-
f’s theorem. The starred radial coordinates r∗1 =
∫ dr
1− 2Mr
and r∗2 =∫ dr
1− 2mr
are the usual tortoise coordinates. L2 is the eigenvalue of 
the angular part of the equation. If one performs a change of vari-
ables ψ = φ/r (angular part is ignored here), the above equations 
reduce to
∂2t Iφ − ∂2r∗1φ + F (r
∗
1, r,M)φ = 0, for r > R1 (17)
∂2t I Iφ − ∂2r∗2φ + F (r
∗
2, r,M)φ = 0, for R1 > r > R2
∂2t I I Iφ − ∂2r φ + F (r, r,0)φ = 0, for R2 > r
F (r∗, r,M) = r∂2r∗r + rV (r,M)
The function F in the above equations is an effective potential 
barrier. Since there are only two independent variables in each of 
these equations (the time and radial coordinate), they effectively 
represent a 2-dimensional penetration problem (similar analysis 
can be found in [9] sections 8.1 and 8.2). If we are interested in 
the solution far away from the potential barrier, F , the solution re-
duces to a regular 1 + 1 dimensional plane wave. The effect of the 
potential barrier is generally treated as the graybody factor, and it 
will not be important for our analysis here. Therefore our problem 
reduces to a 1 + 1-dimensional free scalar ﬁeld which satisﬁes the 
wave equationFig. 2. Penrose diagram for the transparent collapsing shells. The incoming scalar 
mode crosses the two shells at locations Ri , r2 on its way in, reaches the center, 
becomes the outgoing mode, and crosses the two shells again at locations r1 and 
R f respectively.
∂2t Iφ − ∂2r∗1φ = 0, for r > R1 (18)
∂2t I Iφ − ∂2r∗2φ = 0, for R1 > r > R2
∂2t I I Iφ − ∂2r φ = 0, for R2 > r
The trajectory of the spherical shell is given by Eqs. (7) and (8). 
There are two solutions to the wave equation for r > R1. One is 
the ingoing mode
φin ∼ exp(−iωv) (19)
and the other one is the outgoing mode
φout ∼ exp(−iωp(u)), (20)
where we deﬁned the ingoing and outgoing null coordinates v =
t + r∗ and u = t − r∗ .
The shells in our discussion here are massive. While the shells 
are collapsing, the incoming scalar ﬁeld mode passes through S1
and S2 at locations r = Ri and r = r2 respectively. Once it passes 
through the center, it becomes an outgoing mode. It passes again 
through S2 and S1 at locations r = r1 and r = R f respectively, as 
shown in Fig. 2. Since the massless scalar ﬁeld moves at the speed 
of light, it must satisfy the condition
tI I (R f ) − tI I (r1) = r∗2(R f ) − r∗2(r1) (21)
tI I I (r1) − tI I I (r2) = r1 + r2 (22)
tI I (r2) − tI I (Ri) = r∗2(Ri) − r∗2(r2) (23)
The shells’ radii at the moments of these four crossings are 
shown in Fig. 3.
When the scalar wave mode comes out of the outer shell we 
have u = t(R f ) − r∗1(R f ), but p = v(Ri) = t(Ri) + r∗1(Ri). The func-
tion p can be written in terms of the variable u with the help of 
Eqs. (21), (22) and (23).
In the concrete numerical computations, we ﬁrst give a partic-
ular value for R f . With this value, r1 is obtained from Eq. (21). 
Then r2 is obtained by substituting the value for r1 into Eq. (22). 
Similarly, Ri could be obtained by substituting r1 into Eq. (23). The 
relation between Ri and R f can be written as Ri(r2(r1(R f ))). Now 
v(Ri) can be written as a function of the variable R f (or equiva-
lently u(R f )). When we compute Ri as a function of R f , we set 
the digital precision 40 to avoid numerical errors near the horizon.
4. Comparison of energy ﬂuxes
In this section we calculate the energy ﬂux coming from the 
two collapsing shells considered in the previous section, and com-
pare it to the ﬂux emitted by a single shell of the equivalent mass. 
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mode crosses them on its way in and out. To get concrete numbers we set u =
t(R f ) − r∗1(R f ), m = μ1 = μ2 = M/2 = 1 and 	 = 100 (the parameter 	 is deﬁned 
in Eq. (27)).
The energy ﬂux for a collapsing object of any given gravitational 
trajectory is deﬁned in [8,9]. In a 1 + 1 dimensional (u, v) space–
time, it can be written as
Tuu = < T Buu > +
1
24π
(
3
2
( p′′
p′
)2 − p′′′
p′
)
(24)
Tuv = < T Buv > (25)
Tvv = < T Bvv > . (26)
Primes indicates derivative with respect to the coordinate u. The 
components < T Bαβ > refer to the energy momentum density in 
the Boulware vacuum. These terms will not travel to inﬁnity and 
therefore are irrelevant for us (we are concerned about what a dis-
tant outside observer would see). Only the second term in Tuu will 
survive at r → ∞. To get concrete numerical results, for simplicity 
we set μ1 = μ2 = m = M/2 = 1. We also set up the condition so 
that the two shells do not cross each other during the collapse. 
We can ﬁnd the coordinates t I , t I I and t I I I from Eqs. (11), (12), 
(13) and (14). There will be an arbitrary integration constant in 
these integrals. Suppose that S2 arrives at location R2 = R at the 
moment t I I (τ2, R), while S1 arrives at location R1 = R at the mo-
ment t I I (τ1, R). The time interval
	 ≡ tI I (τ1, R) − tI I (τ2, R) (27)
is the time difference between the moments when these two shells 
cross through r = R . We set this to be at R = 5, which removes 
one of the integration constants. This is equivalent to choosing the 
initial conditions for the equations of motion.
The main result of our analysis is shown in Fig. 4. We plotted 
the term Tuu , which is just the energy ﬂux emitted by the system 
of two shells as seen at inﬁnity, as a function of time coordinate u. 
We set G = c = h¯ = k = 1. The system of two shells has more free-
dom than one shell, which we parameterize with the time interval 
	 which represents the difference between the moments when 
these two shells cross through some ﬁxed radius, which we chose 
to be r = 5. For comparison, we add the plot of the single shell 
with mass equal to the mass of the two shells. We clearly see that 
the ﬂux emitted by a single shell of the rest mass μ1 = 2 is dif-
ferent from the total ﬂux emitted by two shells of the rest mass 
μ1 = μ2 = 1. Thus, the ﬂux of pre-Hawking radiation at inﬁnity Fig. 4. The curves represent the energy ﬂux Tuu at r → ∞ as a function of time 
coordinate u, for several values of the time interval 	 between the moments when 
these two shells cross through r = 5. μ1 = μ2 =m = M/2 = 1. For comparison, we 
plot the case of the single shell with mass M = μ1 = 2 and m = μ2 = 0 (the last 
curve on the right). At late enough time the ﬂuxes become indistinguishable, and 
equal the ﬂux emitted from a static black hole 13072π . We clearly see that the ﬂux 
emitted by a single shell of the rest mass μ1 = 2 is different from the total ﬂux 
emitted by two shells of the rest mass μ1 = μ2 = 1.
can in principle reveal the mass distribution of the collapsing sys-
tem.
One may also notice that the ﬂux emitted by two shells is 
higher than that from the static black hole (plateau on the right 
in Fig. 4). The reason is that the inner shell S2 reaches its own 
Schwarzschild radius ﬁrst and generates ﬂux ( 1768π ) with higher 
temperature. After the ﬂux peaks, it gradually decreases because 
the temperature decreases when S1 reaches the Schwarzschild ra-
dius of the system.
5. Conclusion
Physical properties of a black hole are completely determined 
by its mass, charge and angular momentum. There is no additional 
information left after a black hole is formed. Black holes made 
of matter with different mass distribution will emit exactly the 
same Hawking radiation. Then one cannot recover any additional 
information with conventional physics if only Hawking radiation 
from a static black hole is considered. Either quantum effects are 
able to remove the singularity (and global event horizon), or some 
strongly non-local physics transfers the information from inside to 
outside the horizon [11–16]. Both of these options would signiﬁ-
cantly diverge from the conventional black hole physics. Therefore, 
it is still useful to explore what happens if we re-formulate the 
problem a bit.
The most conservative solution to this problem would imply 
that information is released during the collapse before the static 
horizon is formed. Whether this information is extracted before 
or after the horizon is formed, ultimately does not matter, since 
the outside observer observes only the asymptotic “in” and “out” 
states (i.e. the collapsing object and the outgoing radiation). It is 
well known that a collapsing object can shed its higher multipole 
moments in the form of gravity waves during the so-called bald-
ing phase before reaching a perfect spherically symmetric form. 
However, a non-trivial mass distribution which is still spherically 
symmetric will not excite gravity waves (at least not classically). 
Thus, it is very important to extend this balding phase to this case.
In this paper, we considered a speciﬁc problem of possible re-
construction of the mass distribution from radiation which is emit-
ted during the collapse. We considered two different initial states 
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cally symmetric shell of a certain mass, while the second state may 
be made of two concentric shells whose total mass is equal to the 
mass of the single shell in the ﬁrst case. The ﬁnal states in both 
cases are the same – a static black hole with the same total mass. 
We concentrated on the pre-Hawking radiation which is emitted 
before the static black hole is formed, but we used the standard 
analysis of tracing the ﬁeld modes in the time-dependent gravi-
tational background. We calculated the gravitational trajectory for 
these two cases, and then the components of energy momentum 
tensor in a (1 + 1)-dim spherically symmetric space–time deﬁned 
by (t, r). We showed that the ﬂux of energy emitted by a single 
shell is notably different from the ﬂux emitted by two concentric 
shells of the equivalent total mass. This implies that an observer 
studying the ﬂux of particles from a collapsing object could in 
principle reconstruct information about the mass distribution of 
the collapsing object.
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